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The cell division axis determines the position of daughter cells and is therefore critical for cell fate. During vertebrate neurogenesis, most cell
divisions take place within the plane of the neuroepithelium (Das, T., Payer, B., Cayouette, M., and Harris, W.A. (2003). In vivo time-lapse
imaging of cell divisions during neurogenesis in the developing zebrafish retina. Neuron 37, 597–609. Haydar, T.F., Ang, E., Jr., and Rakic, P.
(2003). Mitotic spindle rotation and mode of cell division in the developing telencephalon. Proc Natl Acad Sci U S A 100, 2890–5. Kosodo, Y.,
Roper, K., Haubensak, W., Marzesco, A. M., Corbeil, D., and Huttner, W. B. (2004). Asymmetric distribution of the apical plasma membrane
during neurogenic divisions of mammalian neuroepithelial cells. EMBO J. 23, 2314–24). The cellular constraints responsible for this preferential
orientation are poorly understood. Combining electroporation and time-lapse confocal imaging of chick neural progenitors, the events responsible
for positioning the mitotic spindle and their dependence on RhoA were investigated. The results indicate that the spindle forms with a random
orientation. However, the final orientation of cell divisions is dependent on two main factors: (i) an early rotation of the spindle that aligns it
within the plane of the neuroepithelium, and (ii) a specific limitation of spindle oscillations, despite free rotation around the apico-basal axis.
Expressing a dominant-negative RhoA leads to apico-basal cell divisions after a correct initial rotation of the spindle. Our data reveal a specific
role for RhoA in the maintenance of spindle orientation, prior to anaphase. Thus, RhoA could be a key player potentially regulated by the
neurogenic program or by the neural stem cell environment to control the balance between planar and apico-basal divisions, during normal or
pathological development.
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The orientation of cell divisions is likely to be an important
parameter for the generation of cellular diversity in the
vertebrate central nervous system (CNS). Current models
suggest that different fates can be adopted by sister cells that
have asymmetrically inherited cytoplasmic or plasma-mem-
brane-associated determinants during the division of neural stem
cells (Fishell and Kriegstein, 2003; Roegiers and Jan, 2004;⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.06.031Wodarz and Huttner, 2003). In the vertebrate embryo,although a
significant fraction of the cells undergo apico-basal cell
divisions (ABcd) at late stages of neurogenesis (Chenn and
McConnell, 1995), the vast majority of neuroepithelial (NE)
cells divide within the plane of the neuroepithelium (planar cell
divisions, Pcd; Das et al., 2003; Tibber et al., 2004). A partial
shift from planar to apico-basal-oriented divisions in NE cells is
associated with the period of neuronal differentiation (Das et al.,
2003; Haydar et al., 2003; Kosodo et al., 2004). The constraints
acting on the spindle to orient most cell divisions within the
plane of the neuroepithelium, and its shift to an apico-basal
orientation during neurogenesis, are poorly understood.
In Drosophila and Caenorhabditis elegans, the orientation
of cell divisions is critically dependent on mechanisms that
position the spindle, including early rotation events and
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Hyman, 2004; Glotzer, 2003; Wang and Chia, 2005). A number
of studies have identified molecular regulators of spindle
formation and positioning including, among others, small G-
protein family members (Barros et al., 2003; Kaltschmidt et al.,
2000; Sanada and Tsai, 2005; Zheng, 2004). An interesting
candidate is the small RhoGTPase, RhoA. Although it is widely
expressed in the neuroepithelium (Brouns et al., 2000; Liu and
Jessell, 1998), its function there remains unknown. RhoA plays
a central role in establishing cell polarity that requires
asymmetric and ordered distribution of the signaling molecules
and cytoskeletal proteins (Fukata et al., 2003). In Drosophila,
the downstream effector of RhoA, Rho kinase, is required for
such polarization in asymmetrically dividing neuroblasts
(Barros et al., 2003). RhoA has been implicated in several
important events in cell division. In fact, in other systems, RhoA
is involved in cell rounding at metaphase (Maddox and
Burridge, 2003). Precise regulation of cell shape could be, at
least in principle, causal in orienting cell division (Thery et al.,
2005). In addition, RhoA is a central regulator of the
cytoskeleton and is involved in positioning the cleavage furrow
(Piekny et al., 2005) and as such could regulate the orientation of
cell divisions. Interestingly, although the function of RhoA is
central for CNS morphogenesis and is implicated in early
convergent extension motion in the neural plate (Keller, 2002)
and later events of axons formation (Nikolic, 2002), its function
in the neuroepithelium remains undetermined. This is due in part
to the technical difficulty in knocking down its activity at the
right time and place within the neuroepithelium.
Here, we have used a combination of in vivo electropora-
tion of NE cells in the chick embryo and time-lapse
videomicroscopy to monitor the dynamics of the spindle as
it achieves correct planar orientation during NE cell division.
Furthermore, using this electroporation strategy, we have
addressed the specific roles of RhoA signaling by temporarily
interfering with RhoA activity in NE progenitors.
Materials and methods
Plasmids
Plasmids used in this study include EB1-Green Fluorescent Protein (EB1–
GFP, a gift from Franck Perez), pCAG–H2B–mRFP, coding for a fusion
between the monomeric red fluorescent protein (mRFP) and the histone 2B
(mRFP–H2B fusion a gift of Shahraghim Tajbaksh), YFP–α-tubulin (a gift
from Edith Guoin), pCAGG–GFP–GPi expressing plasmids. RhoA or Rac1
dominant-negative cDNAs (a gift from Alan Hall) were subcloned into pCIG
plasmid (a gift from Sean Megason).
Electroporation
Super-coiled plasmid DNA was injected into the neural tube of HH12-14
chicken embryos at a concentration of 2 μg/μl in PBS. Gold electrodes
(Genetrodes, model 512), distanced 4 mm between anode and cathode, were
placed parallel to the neural tube, and embryos were pulsed 5 times (25 V/
50 ms duration), using a Electro Square Porator™ ECM830 (BTX). Embryos
were incubated for 8 h and then harvested. The observed phenotypes with
dominant-negative RhoA (dnRhoA) were dependent on both the length of the
period of incubation after electroporation and on the concentration of the
plasmid injected in the lumen of the neural tube. Embryos incubated for 24 hafter electroporation using a concentration of 4 mg/ml of plasmid showed
dramatic and complex phenotypes, including limited interkinetic movements,
adhesion defects and an almost complete lack of cell divisions (data not
shown). By using an intermediate concentration of DNA (2 mg/ml) and
beginning the analysis 6–8 h after electroporation, it was possible to observe
cell divisions.
Organotypic explants and videomicroscopy
Electroporated embryos were observed 6 h after electroporation under an
epifluorescent microscope (Stemi SV11, Zeiss). Selected embryos were
dissected in PBS to obtain the neural tube and adjacent somites and sectioned
into 150-μm slices with a Tissue Chopper (Mickle Laboratory Engineering
CO.LTD). Sections were placed in F12-HAM medium (Gibco-Invitrogen), L-
glutamin (5 mM, Gibco-Invitrogen), sodium-pyruvate (1 mM, Gibco-
Invitrogen), Fungizone AmphotericineB (5 mg/ml, Gibco-Invitrogen) and
penicillin/streptomycin (100 mg/ml, Gibco-Invitrogen) solidified with 1% low
melting point agarose (Nusive GTG Agarose, Cambert-Tebu-Bio), in a 35-
mm Petri dish with a 14-mm microwell (MatTek corporation, ref P35G-1.5-
14-C). Liquid medium was added on top of the gel. Mineral oil (SIGMA)
was applied on the surface of the medium to avoid evaporation. The Petri
dish was placed on an inverted microscope in a temperature-controlled
chamber (Tempcontroller 37-2 digital, Zeiss), regulated to maintain 38°C at
the level of the observed slice. We used a Zeiss Plan-NEOFLUAR 40X/1.3
oil objective. We also added an objective heater (6 W Objective Temperature
Controller, Bioptech) adjusted at 37.5°C. Time-lapse videomicroscopy was
performed with a Zeiss confocal inverted microscope (Axiovert 200M) and
the LSM510 (3.2) software or with a Spinning Disk system on Zeiss
Axiovert200 inverted microscope connected to a Hamamatsu Orca II ER
camera and Perkin Elmer Ultraview RS acquisition software. The scan
durations were 1 min or less on the confocal microscope. Average scanned
depth was about 25–30 μm within the explants. Identical acquisitions were
repeated automatically every 5 or 10 min. Movie duration ranged from 5 to
8 h.
Image analysis
Time-lapse experiments were analyzed using Zeiss LSM and Imaris
software. Spinning Disk images were analyzed using Perkin Elmer Ultraview
RS, OsiriX and Volocity software. The time-lapse measurements were started
at the beginning of metaphase for each cell. To measure the angle between the
spindle and the surface of the neuroepithelium, 4–6 stacks of images
containing the dividing cell were extracted. Each z-stack, representing one
time point, was reconstructed into three dimensions and then projected into a
180° series. The reconstructed stack was manually rotated until a maximal size
of the spindle and/or the edge of the metaphase plate was visible (see Movie 2
and 4). A line was drawn along the spindle's main axis (joining the 2
microtubule asters) or through the middle of the metaphase plate. The angle of
the spindle was calculated in reference to a straight line at the neuroepithelial
surface. This procedure was repeated for every time point and for every
dividing cell. When the spindle rotated around the apico-basal axis, it was
sometimes not possible to measure accurately the angle and the corresponding
time points were omitted. Movies published as supplementary information
were made from series of flattened images (between 1 and 3 images) from
each time point.
Immunohistochemistry
Immunohistochemistry was performed on 30-μm cryosections of embryos
fixed in 4% PFA. Primary antibodies used were anti-γ-tubulin (Sigma antibody
GTU-88), anti-β-tubulin (Sigma) and anti-RhoA (Santa-Cruz). The secondary
antibodies used were Alexa Fluor 488 donkey anti-mouse (Molecular Probes) or
biotinylated anti-mouse (Amersham Bioscience) revealed with TRITC con-
jugated streptavidin. DNA was stained with To-Pro3 (Molecular Probes) or
DAPI, actin was stained with Texas-red phalloidin (Molecular Probes).
Immunofluorescence with the neuronal marker TuJ1 was performed as
described (Fior and Henrique, 2005).
214 I. Roszko et al. / Developmental Biology 298 (2006) 212–224In situ hybridization
In situ hybridizations with the cDelta-1 probe were performed on 16 HH
stage chick embryos (16 h after electroporation with dnRhoA) as previously
described (Fior and Henrique, 2005). In situ hybridizations with the cRhoA
probe (fromWilkinson's lab) was performed on non-electroporated 14 HH stage
chick embryos as described (Rosen and Beddington, 1993).
Statistical analysis
Statistical analyses were performed using Statview software.Results
A combination of in vivo electroporation and videomicroscopy
to monitor NE cell divisions
To monitor the orientation of neural progenitor cell divisions,
the neural tubes of 16- to 22-somite-stage chick embryos
(Hamburger and Hamilton HH12-14) were transfected in ovo
by electroporation with a plasmid encoding GFP targeted to
the plasma cell membrane by a GPI anchor (gpi–GFP fusion)
(Fig. 1A). At this early stage of spinal cord development, mostFig. 1. Visualization of planar neuroepithelial cell divisions following chick electropo
GFP following electroporation of the spinal cord. h: heart, b: brain, nt: neural tub
electroporated segment of the neural tube (yellow double arrowhead). (B) Confocal
electroporation, only a fraction of the cells expressed the membrane-tagged GFP (m
ectoderm, s: somite, v: ventricle (lumen) of the neural tube, nc: notochord. (C) The
(arrow) during mitosis shown at high magnification. In this and the following pictu
bottom. (D and E) High-resolution time-lapse series of mitotic cells (white stars and ye
GFP (gpi–GFP fusion). (E) Histone-tagged RFP (H2B–RFP fusion). Note the rotatio
10 μm (C, E), 5 μm (F).cell divisions are involved in expanding the pool of progenitor
stem cells (Hollyday, 2001; Mathis and Nicolas, 2002). High-
resolution imaging and time-lapse analyses of dividing
progenitor cells were performed in thick (150 μm) transversal
tissue sections, maintained at 38°C on the heating chamber of
an inverted microscope. Following electroporation, only a
fraction of the cells expressed the reporter proteins (Fig. 1B).
Labeled cells were therefore visualized individually in a
background of non-labeled cells (mosaic transfection; Fig.
1C). The apical side of the neuroepithelium is facing the
lumen of the neural tube, the basal side is located on the
opposite end and mitoses take place at the apical side (Figs.
1B and C) (Wodarz and Huttner, 2003). During mitosis, cells
round up and retain a thin attachment to the basal side (Fig.
1C), as seen in the zebrafish retina (Das et al., 2003). Planar
cell divisions (Pcd, n=62 dividing cells observed from 9
different embryos) were systematically observed in time-lapse
series using several cell markers such as gpi–GFP (Fig. 1D and
Movie 1), mRFP-tagged histone H2B to visualize the
chromosomes (Fig. 1E) or spindle labeling (Fig. 2). These
data indicate that the visualization protocol developed in this
study provides an accurate approach to monitor the dynamicsration. (A) A 20-somite stage (HH14) embryo expressing the membrane-tagged
e. For videomicroscopy, transversal sections of the embryos were done in the
and phase-contrast imaging of a 150-μm section of a chick embryo. Following
osaic expression) on one side of the neural tube. a: apical, b: basal, e: surface
elongated morphology of NE cells and the maintenance of a basal attachment
res, the basal pole of the neuroepithelium is at the top and apical pole is at the
llow arrows) dividing in the plane of the neuroepithelium. (D)Membrane-tagged
n of the metaphase plate (yellow arrows) between t=0 and t=10 min. Scale bars:
Fig. 2. Spindle rotation events align cell divisions within the plane of the neuroepithelium. (A) A GFP tagged to the (+) end of microtubules (EB1–GFP fusion). The
dashed line outlines the spindle major axis. The spindle forms then align along the apico-basal axis and rotates to a planar orientation. (B, C) Co-expression of α-
tubulin-tagged YFP (α-Tub–YFP fusion) and a histone-tagged RFP, showing a 90° rotation of the spindle–metaphase plate complex (B), and the oscillations of the
spindle (C). Scale bars: 5 μm.
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we selected only cells deep within the section (at an average of
30 μm from the surface of the section) and for which sister
cells behaved normally following cell divisions: normal
movement toward the basal pole and nuclei formation.
Specific rotation events position the spindle within the plane of
the neuroepithelium
To analyze the process by which the spindle becomes
aligned within the neuroepithelium plane, the spindles were
visualized with either GFP-tagged EB1, a protein that binds
to the microtubules and allows centrosome and spindle
visualization (Piehl et al., 2004) (Fig. 2A, Movie 2), or with
YFP-tagged α-tubulin (Figs. 2B and C; Movie 3). A striking
reorientation of the spindle and metaphase plate was
observed (Figs. 1E and 2A, B). The angle between the
spindle and the apical surface was measured at each time
point by three-dimensional reconstructions of each cell (see
an example of one time point on Movie 4). At the onset of
metaphase, the angle between the spindle and the surface of
the ventricle was greater than 45° (Figs. 2A and B) in 53%
of the cells (n=23 cells from 7 different embryos out of 43
cells from 8 different embryos). As mitosis proceeded, the
angle between the spindle and the surface of the ventricle
was systematically less than 45° (Figs. 2A and B) in 100%of the cells (n=43 cells in 8 different embryos) despite
oscillations of the spindle (Fig. 3). Consistently, visualization
of the centrosomes by EB1–GFP (Fig. 4A) or γ-tubulin
immuno-staining (Figs. 4B–D) indicated that the duplicated
centrosomes were frequently observed on either side of the
nucleus at early stages of mitosis.
To characterize these events in greater detail, the orientation
of the spindle, labeled either with EB1–GFP or α-Tub–YFP,
was systematically monitored from spindle appearance to
anaphase during time-lapse series of 28 cell divisions (Fig. 3)
in 8 different embryos. Images were acquired every 5 min
(n=23 cells in 6 different embryos) or 10 min (n=5 cells in 2
different embryos). The length of cell divisions varied between
cells. Because variations in cell divisions length may impact the
dynamics of the spindle, we separated cells into four groups
representing similar cell division lengths. When the spindle first
became visible in the image sequence (t0 min, Figs. 3B–E), the
angle between the spindle and the surface of the ventricle (α)
(Fig. 3A) was random between 0° and 90°, with a mean value of
49°. No statistical difference was observed with a uniform
distribution of angles between 0° and 90° (Kolmogorov–
Smirnov test, calculated on 28 cells, p=0.784, ns). The mean
values of the initial angle αwere 45° for the groups representing
short and intermediate cell division lengths (Figs. 3B–D) and
the mean was 62° for the group with the longest cell divisions
(Fig. 3E). After 15 min (and following time points until
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ventricle became systematically less than 45° (α<45°) regard-
less of the cell division length (Figs. 3B–E). This indicates that
the spindle undergoes a rotation when it is initially positioned
with a preferential apico-basal orientation (α>45°). It alsoindicates that the spindle rotation is independent of the length of
the cell division.
In cells with a marked initial apico-basal orientation (α>60°
at t0 min, n=12 cells in 6 different embryos), the spindle angle
was still greater than 45° in 83% of the cells at the next time
Fig. 4. Centrosome dynamics in dividing neuroepithelial cells. (A) The behavior of the centrosomes (white arrows) was monitored in time-lapse series of dividing NE
cells expressing the EB1–GFP fusion. At prophase (A1), centrosomes become aligned along the apico-basal axis on each side of the nucleus in prophase. Next, the
spindle forms (A2) and rotates to become aligned with the plane of the neuroepithelium (A3). (B–I) The different steps of cell division identified by time-lapse
microscopy (see Figs. 1 and 2) were also observed following γ-tubulin immunostaining of the centrosomes (in green) in fixed tissue sections of a chick embryo. Nuclei
and chromosomes are labeled with DAPI (in red). (B) The duplicated centrosomes (arrowheads) at interphase are located on the apical side of the cell. (C, D) At
prophase, one of the centrosomes migrates basal to the nucleus. (E) The centrosomes are located apical and basal to the metaphase plate at the onset of metaphase, just
before the 90° rotation of the spindle–metaphase plate complex. (F, G) The centrosomes and the metaphase plate display several orientations reflecting either different
orientations of planar cell divisions or the rotation events around the apico-basal axis. (H, I) Division of the cell and separation of the centrosomes and chromosomes
during anaphase. Scale bars: 5 μm.
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indicates that the rotation is slower than the 5-min interval
between image acquisition. Therefore, the spindle does not form
systematically with a marked apico-basal orientation in the
other cells (cells with α<45° at t0 min). This analysis is
consistent with the spindle forming initially with a random
orientation and shows that an active rotation process aligns the
spindle inside the plane of the neuroepithelium within the first
15 min of metaphase.
After the first rotation of the spindle described above, the
angle between the ventricular surface and the position of the
spindle oscillates between 0° and 30° until the cells divide (Figs.Fig. 3. The dynamic of the mitotic spindle in proliferative phase of neuroepithelial cel
(A) Schematic representation of the angle (α) that indicates the orientation of the mit
axis and the spindle axis in 28 examples. To take account of the variability of the leng
groups with similar length of mitosis. (B) Seven cells from 3 different embryos, (C) 9
from 3 different embryos. The mean values of α are shown by a thick red line in ea
divisions were observed in the same explants. At the onset of metaphase (t0 min), the
the onset of mitosis positions the spindle within the plane of the epithelium (0°<α<
remain below 30° in most cases), resulting in cell division within the plane of the n2C and 3). The frequent changes in the orientation of the
metaphase plate between adjacent time points (Fig. S1)
indicates a free rotation around the apico-basal axis, which
has also been observed in the cerebral cortex (Adams, 1996;
Haydar et al., 2003).
In conclusion, our results indicate that the planar orientation
of cell divisions at early stages of neurogenesis is dependent on
two main factors: (i) an initial rotation of the mitotic spindle that
initially forms with a random orientation relative to the apico-
basal axis and then aligns itself with the plane of the
neuroepithelium, and (ii) a specific limitation of spindle
oscillations, despite free rotations around the apico-basal axis.ls is similar in all observed cells and is independent of the length of the cell cycle.
otic spindle. (B–E) Evolution of the angle (α) between the neuroepithelial plane
ths of mitosis, these 28 cells (from 11 embryos) analyzed were divided into four
cells from 6 different embryos, (D) 7 cells from 5 different embryos, (E) 5 cells
ch graph. Rapid cell divisions (in the range of 30–40 min) or long-lasting cell
spindle was randomly positioned (0°<α<90). A rotation of the mitotic spindle at
45°) after 15 min. Then, the spindle oscillates within a smaller range (α values
euroepithelium.
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leading to planar cell divisions (Pcd).
Reducing RhoA signaling alters the maintenance of spindle
planar orientation
RhoA is widely expressed in the vertebrate neuroepithelium
(Brouns et al., 2000; Liu and Jessell, 1998). In order to confirm
this expression at the stages of development that we study, we
performed in situ hybridization experiments in 14 HH stage
chick embryos (Fig. 5A). The results show that RhoA is
expressed in a large number of tissues at a moderate level.
However, in epithelial structures such as the somites, neural
tube and especially the surface ectoderm the expression is
markedly stronger (Figs. 5A2–A5). In the neuroepithelium,
RhoA is strongly expressed in the posterior and median regions
of the neural tube (Fig. 5A). A dorso-ventral gradient appears in
the median neural tube (Figs. 5A2 and A3) and increases in the
most anterior neural tube (not shown).
To correlate gene expression with the presence of the
protein, we analyzed by immunohistochemistry the localiza-
tion of RhoA protein in the neuroepithelium in 14 HH stage
chick and E9.5 mouse embryos. The data showed that RhoA
protein is present in the neuroepithelium, with a greater
accumulation at the apical and basal surface of the neural tube
(Fig. 5B). Higher magnification of the apical pole of chick
(Fig. 5C) and mouse (Fig. 5D) tissues shows that RhoA
protein localizes mainly at the cellular membranes. In dividing
cells, the protein localizes also at the cellular membrane,
around the cells, with no obvious preferential apical or basal
localization (Figs. 5C and D).
In order to understand the specific role(s) of RhoA during
NE cell divisions, we used the dominant-negative human
RhoAN19 (dnRhoA) containing a point mutation that changes
a tryptophan to asparagine at position 19; the amino acid
sequences of human and chick RhoA are 100% identical
(Malosio et al., 1997). The dnRhoA was co-expressed with a
GFP fused to a nuclear localization sequence (dnRhoA–
IRES–nucGFP construct) and electroporated in the neural
tube. Cells expressing the dnRhoA were thus visualized by a
nuclear green signal at interphase, whereas a diffuse GFP
expression pattern was observed during mitosis when the
nuclear membrane is disrupted. We have compared the
endogenous RhoA protein localization with the localization
of the dnRhoA 8 h (not shown) and 16 h after electroporation
(Fig. 5E). The dominant-negative protein was localizedFig. 5. RhoA RNA is expressed in the neural tube and the RhoA protein is localized m
on 14 HH stage embryos. (A1) Dorsal view of the trunk region. (A2–A5) Transverse
most anterior region of the trunk used for the time-lapse experiments, A3 represen
magnification of the neural tube region. Scale bars: 50 μm. (B1) Immunohistochem
without primary antibody anti-RhoA. Scale bar: 50 μm. (C) Higher magnification of
RhoA protein (red). Mitotic cells are visible by To-Pro-3 staining (blue, yellow circ
10 μm. (D) Magnification of a mitotic cell (yellow circle) in the apical region of mous
DNA To-Pro3 staining. (D2) RhoA staining. (D3) Merged. Scale bar: 5 μm. (E) Im
electroporation of dnRhoA (green) showing the expression of the dominant-negative f
the plasma membranes and at the apical and basal poles. Scale bar: 50 μm. e: surfa
ventricle, a: apical pole of the neuroepithelium, b: basal pole of the neuroepitheliumpredominantly to the plasma membranes like the endogenous
one (Figs. 5C and D).
The phenotypes observed were dependent on the concentra-
tion of dnRhoA protein in the cells. The results described here
use a moderate concentration (2 mg/ml) of plasmid and time-
lapse analyses began shortly after electroporation (see Materials
and methods).
The most striking phenotype displayed a high frequency
(32%, n=53 total cells observed in 12 different embryos) of
mitoses with a division angle greater than 45° (apico-basal cell
divisions, ABcd; Figs. 6A–D; see Movie 5). Visualization of
the metaphase plate with H2B–RFP during this process showed
that the metaphase plate is oriented perpendicular to the apico-
basal axis just prior to ABcd (Fig. 6D). In addition, cells
frequently failed to separate after divisions (Fig. 6C; see Movie
5). Visualization of microtubules with YFP–α-tubulin in
dnRhoA expressing cells confirmed the presence of a cytoplas-
mic bridge containing microtubules between sister cells (see Fig.
7A, white arrow), consistent with the known role of RhoA
during cytokinesis (Glotzer, 2003;Maddox andBurridge, 2003).
We have compared the values of division angles α in dnRhoA
electroporated cells (45 cells analyzed in 11 different embryos)
and in control cells (37 cells analyzed in 5 different embryos)
using the Kolmogorov–Smirnov test (Fig. 6E). The comparison
of the cumulative distribution shows an increase in the frequency
of apico-basal cell divisions in dnRhoA expressing cells
(α>45°, Kolmogorov–Smirnov test, p<10−3).
To show that the effects of dnRhoA were not due to some
non-specific effect of expressing a dominant-negative GTPase
using an IRES–GFP construct, we made the same analysis with
a different inactive member of the Rho family. We measured the
angles of division (α) in neuroepithelial cells electroporated
with a dominant-negative form of Rac1 (dnRac1). The
comparison of the cumulative distribution of division angle in
wt (green, 37 cells analyzed in 5 different embryos) and dnRac1
expressing cells (red, 20 cells analyzed in 3 different embryos)
shows that expressing the dnRac1 does not modify the
orientation of cell divisions (Fig. 6E, Kolmogorov–Smirnov
test, p=0.981).
The cell cortex is elongated along the apico-basal axis
when the dnRhoA is expressed (Figs. 6A–C). Cell shape has
been shown to influence the orientation of cell division (Thery
et al., 2005). We investigated whether cell shape defects were
causal in changing the orientation of divisions. The ratio
between the apico-basal dimension of the cells (height) and
their dimension in the plane of the epithelium (width) (w/hainly at the membranes. (A) In situ hybridization of chick RhoAwas performed
section of an embryo after whole mount in situ hybridization. A2 represents the
ts the median region and A4 represents a more posterior region. (A5) Higher
istry of RhoA protein in the chick neural tube. (B2) Immunostaining control:
the apical region of chick neural tube showing the membrane localization of the
les). (C1) DNA To-Pro3 staining. (C2) RhoA staining. (C3) Merged. Scale bar:
e neural tube showing the membrane localization of the RhoA protein (red). (D1)
munohistochemistry of RhoA (red) protein in the chick neural tube 16 h after
orm of the RhoA protein in the transfected cells and its preferential localization to
ce ectoderm, s: somite, ne: neuroepithelium, nt: neural tube, nc: notochord, v:
, lb: limb bud.
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point of cell divisions (Fig. S2). In control cells, electro-
porated with the membrane-tagged GFP only, the w/h ratio
increases progressively until cells divide (Fig. S2A). The
maximum w/h ratio ranged between 0.8 and 1.2, with amean value of 0.98 (n=12 cells in 5 embryos; Fig. 6G). In
cells electroporated with the dnRhoA, the maximum value
of the w/h ratio was significantly lower than in control cells,
whether the division occurred within the plane of the epithelium
(n=12 cells in 5 embryos, Fig. 6G, mean value of 0.77, t test, 19
Fig. 7. The initial spindle rotation takes place in apico-basal cell divisions. (A) Time-lapse series of an NE cells co-expressing the dnRhoA–IRES–nGFP and YFP–α-
tubulin constructs. The mitotic spindle formation (0′) and initial rotation (5′) appear normal. Just prior to division, the spindle rotates again and becomes aligned along
the apico-basal axis. Note the maintenance of a cytoplasmic bridge between sister cells (white arrow). (B) Re-orientation of the mitotic spindle in dnRhoA expressing
cells undergoing apico-basal cell divisions (ABcd). The measurements were obtained from 4 different embryos. The spindle can be initially oriented apico-basally
(α>45°), rotates to become aligned in the plane of the epithelium (α<45°) and re-adopts an apico-basal orientation (α>45°) before cell division. (C) Re-orientation of
the mitotic spindle in dnRhoA expressing cells undergoing cell divisions in the plane of the neuroepithelium (Pcd). The measurements were obtained from 2 different
embryos.
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in 4 embryos, Fig. 6G, mean value of 0.69, t test, 20 df, t=5.42,
p<10−4). No statistical difference was observed in the maximal
w/h value between Pcd and ABcd in dnRhoA expressing cells (t
test, 17 df, t=0.19, ns). This analysis indicates that the more
marked apico-basal elongation of the cell cortex is unlikely to
be a determining parameter differentiating ABcd from Pcd in
dnRhoA expressing cells.
The apico-basal cell divisions observed in cells expres-
sing dnRhoA could result from (i) an initial planar position
of the spindle, (ii) a lack of early rotation of the mitotic
spindle or (iii) defects in the maintenance of the spindle
orientation within the plane of the neuroepithelium. By
immunohistochemistry, we tested the possible influence of
dnRhoA on the cytoskeleton: microtubule and polymerized actin
network. No obvious difference in microtubules and actin
polymerization level or cellular localization was observed
between the electroporated cells and the control cells (Fig.Fig. 6. Expression of dominant-negative RhoA increases the frequency of apico-bas
expressing dnRhoA (dnRhoA–IRES–nGFP construct) and the membrane-tagged G
pointed by the arrow. (D) Visualization of the metaphase plate by co-expression of
plate is oriented perpendicular to the apico-basal axis just prior to the apico-basal c
GFP–GPI or EB1–GFP only, green), dnRhoA (blue) and dnRac1 (red) expressi
exclusively in dnRhoA expressing cells (α>45°, Kolmogorov–Smirnov test compar
apico-basal divisions (Kolmogorov–Smirnov test, comparing wt and dnRac1 values
basal divisions. (F) Cell rounding is measured by the ratio between width (plana
expresses only the membrane-tagged GFP. (G) The width to height ratio was meas
the width to height ratio precisely in 12 cells from 5 control embryos electroporated
with dnRhoA and 12 within the neuroepithelial plane dividing cells from 5 embry
(*) lower in cells expressing the dnRhoA, whether they divide in the plane of the
test, p<10−4). The mean w/h ratio was not different in dnRhoA expressing cellsS3). In order to analyze the spindle dynamic in cells expressing
dnRhoA, we co-expressed dnRhoA–IRES–GFP construct and
TFP–α-tubulin and performed time-lapse experiments (Fig. 7).
In the cell divisions in which the spindle orientation could be
monitored from its appearance until anaphase (n=11 cells, 6 Pcd
(from 2 different embryos) and 5 Abcd (from 5 different
embryos)), the results indicate that the spindle can initially form
in any orientation when cells divide with an apico-basal
orientation (α values at t0 min ranging from 19 to 86, mean
value is 52°, Fig. 7A, t=0 min, and Fig. 7B). The spindle then
aligns within the plane of the neuroepithelium (Fig. 7A,
t=5 min, and Fig. 7B). However, just prior to cell division, the
spindle rapidly re-adopts an apico-basal orientation so that cells
divide along the apico-basal axis (Fig. 7A, t=10–20 min, and
Fig. 7B). When the cells divide within the plane of the NE (Pcd),
the spindle dynamics during the division is similar to that
observed in control cells (Fig. 7C). These results indicate that
signaling throughRhoA is required tomaintain the orientation ofal cell divisions. (A–C) Examples of apico-basal cell divisions in embryos co-
FP. The stars point followed cells. (A) t70′: example of the cleavage plane
the dnRhoA (dnRhoA–IRES–nGFP construct) and H2B–RFP. The metaphase
ell division. (E) Cumulative plots of division angle in wt (cells expressing the
ng cells showing an increase in the frequency of apico-basal cell divisions
ing wt and dnRhoA values, p<10−3). dnRac does not increase the frequency of
, p=0.981). Only the expression of dnRhoA increases the frequency of apico-
r dimension) and height (apico-basal dimension). The mitotic NE cell shown
ured at each time point of time-lapse acquisitions (see Fig. S2). We analyzed
with GFP–gpi, 10 apico-basally dividing cells from 4 embryos electroporated
os electroporated with dnRhoA. The maximal cell rounding was significantly
neuroepithelium (Pcd, t test, p<10−3) or along the apico-basal axis (ABcd, t
between Pcd and ABcd (t test, p=0.19, ns). Scale bars: 5 μm.
222 I. Roszko et al. / Developmental Biology 298 (2006) 212–224the spindle within the NE plane after an apparently normal
planar position (Fig. 8).
Reduced RhoA signaling does not induce earlier cell
differentiation
Our results show that expressing dnRhoA expression induces
apico-basal division during the proliferative phase of neuroe-
pithelial cells. Apico-basal divisions are usually observed in the
neural tissue during the neurogenic phase resulting in the
production of one differentiated cell and one cell that maintains
stem cell characteristics. In order to analyze the impact of
dnRhoA expression on the cell fate choice, we have electro-
porated embryos with the dnRhoA construct and analyzed neural
cell fates 16 h after electroporation, at stage HH16. No obvious
phenotype was observed using Tuj1 immunohistochemistry or
Delta-1 expression by in situ hybridization (Fig. S4). This
suggests that the dnRhoA-dependent re-orientation of the cell
division along the apico-basal axis is not a sufficient parameter
to induce neural differentiation.
Discussion
In this article, we have analyzed the dynamics of the
spindle during neuroepithelial cell division. Using a combina-
tion of electroporation and time-lapse videomicroscopy, we
provide evidence that the systematic planar orientation of cell
division results from a sequence of cellular events. First, the
spindle forms with a random orientation. Next, the spindle
rotates to become aligned with the plane of the neuroepithe-Fig. 8. Model for the dynamics of cell division in neuroepithelial cells. The mitotic s
axis. At the onset of metaphase, the spindle rotates to become aligned in the plan
moderate oscillations relative to this axis maintain the orientation of the spindle
neuroepithelium. If cells fail to maintain the spindle in a planar orientation, a proc
axis.lium. Limited cell tilting with respect to the apico-basal axis
leads to the maintenance of spindle orientation until anaphase.
Expression of a dominant-negative RhoA increases the
frequency of apico-basal divisions, probably because cells
fail to maintain the planar orientation of the spindle until
anaphase.
The control of the orientation of cell divisions is critical
for cell targeting and cell fate during neural development
(Bardin et al., 2004; Roegiers and Jan, 2004; Sun et al., 2005;
Wodarz and Huttner, 2003). In vertebrate NE cells, the
majority of divisions take place within the plane of the
neuroepithelium although a fraction of divisions are oriented
along the apico-basal axis (Chenn and McConnell, 1995). Our
data indicate that NE cells divide in the plane of the
neuroepithelium as a combined result of an early rotation that
aligns the spindle in the neuroepithelial plane within the first
15 min of metaphase and limited oscillations of the spindle
that maintain this orientation until anaphase (Fig. 6). This
conclusion is somewhat reminiscent of the finding that NE
cells undergoing apico-basal cell divisions in the mammalian
cerebral cortex display extensive metaphase plate oscillations
(Haydar et al., 2003). Because they might both lead to
asymmetry in apical plasma membrane inheritance (Das et al.,
2003; Haydar et al., 2003; Kosodo et al., 2004), the spindle
oscillations and the constraints that limit them might be
significant in terms of cell fate determination. Cells with
reduced RhoA signaling fail to maintain the spindle aligned
within the plane of the epithelium, leading to frequent apico-
basal cell divisions (Fig. 6). Together, these data suggest that
apico-basal cell divisions in the forming CNS could occur bypindle forms initially with a random orientation with respect to the apico-basal
e of the neuroepithelium. Extensive rotation around the apico-basal axis and
perpendicular to the apico-basal axis, until cells divide with the plane of the
ess dependent on RhoA function, cells divide frequently along the apico-basal
223I. Roszko et al. / Developmental Biology 298 (2006) 212–224relieving RhoA-dependent constraints that normally position
the cleavage plane perpendicular to the neuroepithelial
surface. Moreover, the present study identifies RhoA as a
key player, potentially regulated by the neurogenic program
or by the environment of neural stem cells to control the
balance between planar and apico-basal divisions.
In the cerebral cortex, impaired signaling through the Gβγ
subunits of the heterotrimeric G-proteins increases the
frequency of planar cell divisions and favors neural differentia-
tion (Sanada and Tsai, 2005). This phenotype is opposite to that
reported here, at least regarding the orientation of cleavage
plane. This suggests a general control of cleavage plane
orientation in the neuroepithelium through different GTPase
and antagonist requirements for different players. Furthermore,
given the interplay between RhoA and heterotrimeric G-
proteins (Bhattacharya et al., 2004), this could suggest the
existence of feedback loop control mechanisms based on G-
proteins that fine-tunes the orientation of neuroepithelial
progenitors cell divisions.
Mutations in the RhoA pathway have been implicated in
developmental neural defects. For instance, the flathead (fh)
mutation in rat, caused by a single base deletion in the RhoA
effector Citron-kinase, results in a dramatic reduction of CNS
growth (Sarkisian et al., 2002). The phenotypes of fh include bi-
nucleated cells and cytokinesis defects (Sarkisian et al., 2002),
strikingly similar to those observed with reduced RhoA
signaling. This suggests that RhoA and Citron-kinase could
define a genetic pathway for cytokinesis in neuroepithelial cells.
Interestingly, time-lapse analyses of mitoses in fh did not reveal
more frequent apico-basal cell divisions (LoTurco et al., 2003),
suggesting that separate downstream effectors of RhoA could
control cytokinesis and the orientation of cell divisions. This
conclusion is further supported by the fact that, in our
experiments, the lack of maintenance of the orientation of the
spindle occurs before cytokinesis. This suggests that the RhoA
effector(s) crucial for the maintenance of the orientation of the
spindle within the plane of the neuroepithelium could act before
cytokinesis. Our results introduce the possibility that dereg-
ulating the balance between horizontal and vertical cleavage
through several downstream effectors of the RhoA signaling
pathway may lead to a variety of different pathological defects
during CNS development.
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